Long-distance migrations of wildlife have been identified as important biological phenomena, but their conservation remains a major challenge. The Mongolian Gobi is one of the last refuges for the Asiatic wild ass (Equus hemionus) and other threatened migratory mammals. Using historic and current distribution ranges, population genetics, and telemetry data we assessed the connectivity of the wild ass population in the context of natural and anthropogenic landscape features and the existing network of protected areas. In the Mongolian Gobi mean biomass production is highly correlated with human and livestock density and seems to predict wild ass occurrence at the upper level. The current wild ass distribution range largely falls into areas below the 250 gC/m 2 /year productivity isoline, suggesting that under the present land use more productive areas have become unavailable for wild asses. Population genetics results identified two subpopulations and delineated a genetic boundary between the Dzungarian and Transaltai Gobi for which the most likely explanation are the mountain ranges separating the two areas. Home ranges and locations of 19 radiomarked wild asses support the assumed restricting effects of more productive habitats and mountain ranges and additionally point towards a barrier effect of fences. Furthermore, telemetry data shows that in the Dzungarian and Transaltai Gobi individual wild ass rarely ventured outside of the protected areas, whereas in the southeast Gobi asses only spend a small fraction of their time within the protected area network. Conserving the continuity of the wild ass population will need a landscape level approach, also including multi-use landscapes outside of protected areas, particularly in the southeast Gobi. In the southwest Gobi, allowing for openings in the border fence to China and managing the border area as an ecological corridor would connect three large protected areas together covering over 70,000 km 2 of wild ass habitat.
Introduction
Habitat loss and fragmentation have been identified as key threats to biodiversity conservation worldwide. Busy transportation routes and fences are significant mortality factors (Harrington and Conover, 2006; Lovari et al., 2007) , impede movement of wildlife by creating access barriers to important resources (Frair et al., 2008) , stop or slow population expansion (Kramer-Schadt et al., 2004) , or subdivide once-continuous populations into more or less isolated subpopulations (Lankester et al., 1991) . Large-bodied, farranging mammals like large carnivores and large herbivores are particularly sensitive to fragmentation because they need access to large tracts of continuous habitat. Seasonal changes in habitat conditions can force large herbivore populations to migrate between distinct seasonal ranges (Wolanski et al., 1999; Ferguson and Elkie, 2004) , whereas unpredictable changes in habitat conditions can force them to resume nomadic movements (Mueller et al., 2008) . The fragmentation of habitat into small and often non-contiguous patches decreases their capacity to escape locally poor habitat conditions and may result in dramatic population declines (Berger, 2004; Bolger et al., 2007) . Furthermore, small and fragmented subpopulations become vulnerable to chance events like demographic, genetic, and environmental stochasticity (van Noordwijk, 1994; Frankham, 2005) . The smaller the subpopulation and the more unpredictable the habitat, the higher the risk of local extinctions becomes.
Landscape genetics has become a powerful tool for addressing population fragmentation on the landscape level (Holderegger and Wagner, 2008) . Several studies have revealed clear associations between habitat fragmentation and the genetic structure of wide-ranging, long-lived, and large-bodied mammal species (McRae et al., 2005) , and identified barriers (Riley et al., 2006) as well as corridors (Dixon et al., 2006) . A recent approach applied landscape genetics to optimize dispersal and corridor models (Epps et al., 2007) ; however, the application of genetic tools for conservation is still largely method and theory driven, rather than focused on real data sets with relevance to conservation problems (Vernesi et al., 2008) .
Although long-distance migrations and nomadic movements over extensive areas have been identified as important biological phenomena (Convention on Migratory Species (CMS), 2002), their conservation remains a major challenge of the 21st century (Berger, 2004; Thirgood et al., 2004; Bolger et al., 2007; Wilcove and Wikelski, 2008) . The steppes, desert steppes, and deserts of Central Asia are still home to several globally threatened migratory or nomadic large herbivores (Berger, 2004; Bolger et al., 2007) . However, a growing human population, changes in land management, exploitation of natural resources, and the development of infrastructure place increasing pressure on these species and their habitats (Reading et al., 1998; Milner-Gulland et al., 2003; Ito et al., 2005; Clark et al., 2006; Qui, 2007; Wingard and Zahler, 2006) . Among these species is the Asiatic wild ass, Equus hemionus.
The Mongolian Gobi and adjacent areas in northern China provide the last refuge for the Asiatic wild ass and other threatened wildlife (Clark et al., 2006; Yang, 2007) . Anecdotal evidence suggests that the Asiatic wild ass may have lost as much as 70% of its range since the 19th century because of direct persecution and competition with humans and their livestock over water and pasture use (Zevegmid and Dawaa, 1973; Reading et al., 2001) . Reliable historic population numbers for wild asses are unavailable (Reading et al., 2001) and recent estimates are either plagued by a high variance of the estimate (Reading et al., 2001; B. Lkhagvasuren and S. Strindberg, unpubl. data) or a lack of statistical rigor in the analysis (Lhagvasuren 2007; Yang, 2007) . Most likely the Mongolian population still numbers in the magnitude of 10-20,000 animals (B. Lkhagvasuren and S. Strindberg, unpubl. Data; Kaczensky, unpubl. Data) , while adjacent China likely houses another few thousand animals (Yang, 2007; Yang, unpubl. data) .
The Asiatic wild ass has been fully protected in Mongolia since the 1950s (Clark et al., 2006) , and large portions of its habitat are under formal protection. Nevertheless, little is known about the degree of connectivity and whether or not the current protected area system is adequate to safeguard the wild ass population of the Gobi.
People consider wild asses to compete with their livestock for pasture and water. As a consequence wild asses are actively chased away or illegally killed by people Wingard and Zahler, 2006) and the mere presence of people and their livestock at water points can limit or block access for Asiatic wild asses (Denzau and Denzau, 1999; Kaczensky et al., 2006) . In recent years, Mongolia has been anticipating the development of a commercialized agricultural sector that could easily cause greater intrusion of human activities into the Gobi areas (World Bank, 2003) . Development of other sectors of the Mongolian economy, especially mining and road construction (World Bank, 2006) , could further affect the environmental security and habitat needs of the Asiatic wild ass and associated wildlife in the Gobi .
An evaluation of the connectivity of the still abundant Asiatic wild ass population would yield important information about the integrity of the Gobi ecosystem and identify possible movement barriers. Such barriers are likely to also affect other species that presently have a more restricted distribution range, such as the wild Bactrian camel (Camelus ferus bactrianus), the saiga (Saiga tatarica), or the re-introduced Przewalski's horse (Equus ferus przewalskii, Clark et al., 2006) . Using telemetry, population genetics, and distribution range data, we assessed the connectivity of the wild ass population in the context of natural and anthropogenic landscape features.
Study area
The Gobi areas cover roughly 300,000 km 2 of desert steppe and desert areas in southern Mongolia (Fig. 1 ). The climate is strongly continental with long cold winters (January mean, À15°C to À20°C) and short hot summers (July mean, 20-25°C). Average annual precipitation ranges from 50 mm in the Transaltai Gobi, to 100 mm in the Dzungarian Gobi, and up to 200 mm in parts of the southeastern Gobi (von Wehrden and Wesche, 2007) . Because the area also shows high levels of inter-annual variation in precipitation, the majority of the Gobi is believed to follow non-equilibrium dynamics (von Wehrden et al., submitted for publication) and thus to have a low risk for degradation caused by grazing.
Elevations range from 550 to 3750 m. The Dzungarian Gobi is located in a natural basin flanked by the southern tip of the Altai Mountain range to the north and east and a mountain range along the border to China in the south. The Transaltai Gobi is flanked by the Edrene mountain range in the north but also encompasses a medium-sized mountain range in the south-central part. The southeastern Gobi is largely a flat landscape with few distinct topographic features (Fig. 1) .
The plant community of the desert areas is widely dominated by Chenopodiaceae, such as saxaul (Haloxylon ammodendron) and Anabasis brevifolia. Asteraceae, such as Artemisia and Ajania, and Poaceae like Stipa and Ptilagrostis, dominate the steppe areas. High productivity riparian vegetation and Nitraria sibirica communities are rare and restricted to larger oases and intermittent river valleys (Hilbig, 1995) .
Open water is unevenly distributed, with varying predictability among the areas. In the Dzungarian Gobi, open water is rare, but springs tend to be permanent. In the Transaltai Gobi, open water is extremely rare and except for a few large oases, smaller water points may fall dry during certain seasons or years. Although the southeastern Gobi receives the most precipitation, intra-annual and inter-annual availability of open water is highly variable .
The Gobi region is at the center of the Cashmere goat industry in Mongolia, and livestock products generate the main income of local herders (World Bank, 2003) . Human population density in the 24 Gobi districts (>30% of the area within the wild ass range) is very low, averaging 0.2 inhabitants/km 2 , and there are only 17 villages, with 500-1500 inhabitants each. Livestock numbers, on the other hand, total 2 million sheep and goats, 614,000 horses, 413,000 domestic camels, and 280,000 cows and yaks (National Statistical Office of Mongolia, 2004 and 2007, unpubl. data) . The state owns all grazing land in Mongolia, and the district governments allocate grazing rights based on pasture condition, previous use, and family relationships. In most Gobi areas, herders and their livestock follow a semi-nomadic lifestyle (Fernandez-Gimenez and Batbuyan, 2004) . No fences are allowed to delineate grazing plots; the only fences dissecting the Gobi today are along the international border to China and the Ulaanbaatar-Beijing railway (Fig. 1 ). The Gobi is rich in mineral deposits, and official exploration and mining activities are increasing (World Bank, 2006) . In October 2009 Ivanhoe Mines and Rio Tinto signed an Investment Agreement with the Government of Mongolia for the construction and operation of the Oyu Tolgoi copper-gold mining complex in the southeast Gobi (Ivanhoe Mines, 2009) . Additionally, illegal mining by so-called ''Ninja miners'' mechanically destroys large tracts of pastureland and depletes or pollutes local water sources (Grayson 2007) .
There are eight protected areas within or intersecting the present-day wild ass distribution range amounting to 29% of the area being under formal protection: Great Gobi B strictly protected area (SPA; 9000 km 2 ), Great Gobi A SPA (44,000 km 2 ), Small Gobi A SPA (11,500 km 2 ), Small Gobi B SPA (6500 km 2 ), the southern parts of Gobi Gurvan Saikhan National Park (5900 km 2 ), Ergeliin Zoo Nature Reserve (620 km 2 ), Zagiin Us Nature Reserve (2500 km 2 ), and the Suikhent Uul National Monument (50 km 2 ; Fig. 1 ). The closest protected area on the Chinese side, less than 40 km from the border, is the Kalimalai Nature Reserve (17,300 km 2 ). Distances between the four large protected areas in the Mongolian wild ass range are 190 km between Great Gobi A and B, 420 km between Great Gobi A and Small Gobi A, and 80 km between Small Gobi A and B.
The ungulate community of the Mongolian Gobi consists of goitered gazelle (Gazella subgutturosa), Mongolian gazelle (Procapra gutturosa), saiga, Asiatic wild ass, re-introduced Przewalski's horse, and wild Bactrian camels on the plains, and Siberian ibex (Capra sibirica) and argali sheep (Ovis ammon) in the mountains (Clark et al., 2006) . The wild ass population is not evenly distributed over the entire Gobi. The majority of wild asses, likely as many as 70%, are found in the eastern part of the southeast Gobi. The remaining asses largely occur in the Dzungarian Gobi, while the Transaltai Gobi only houses wild asses at very low densities (Reading et al. 2001; Lhagvasuren, 2007; B. Lkhagvasuren and S. Strindberg, unpubl. data; P. Kaczensky, unpubl. data) .
Methods

Wild ass distribution range and habitat database
Historic wild ass distribution ranges were digitized from maps provided in Zevegmid and Dawaa (1973) and from information summarized in Denzau and Denzau (1999) . To determine the northern border of the current distribution range of Asiatic wild ass in Mongolia, we combined our telemetry data with wild ass observations made during the national surveys in 2003 and 2009 and observations made during multiple trips to the Transaltai and southeast Gobi between 2003 and 2007 (see Supporting Data Appendix S1).
Mean biomass production as a proxi for human and livestock densities
We purchased livestock numbers for all 24 Gobi districts (sums) from the Statistical Office of Mongolia for the year 2004 for the eastern Gobi and for the year 2007 for the western Gobi. We additionally obtained a digital layer with all sum boundaries and human inhabitants dating from 2002 (see Supporting Data Appendix S2). However, the Gobi districts are rather large (range: 7106-27,784 km 2 ) and often expand into more productive mountainous habitat, particularly in the west. In addition, Mongolia does not have a common database with exact locational data on herder camp distribution, movement paths, and associated herd sizes. Furthermore, in the highly variable non-equilibrium Gobi ecosystem pasture quality, and thus human and livestock presence, can vary tremendously on an inter-as well as an intra-annual basis. Nevertheless, on average human population-and livestock densities in the Gobi clearly increase with higher biomass production ( Fig. 2) . In order to have a measure independent of administrational units we thus chose to use mean biomass production as a proxy for human and livestock densities.
For the overall estimate of biomass production, we used the global layer of biomass production expressed in grams of carbon per square meter and year (gC/m 2 /years) for 1981-2000. This opensource GIS data set is available on an 8 Â 8 km raster basis under http://glcf.umiacs.umd.edu/data/glopem/ with data processing described in Prince and Goward (1995) . For our analysis, we used the mean biomass production over all 20 years.
Shuttle Radar Topography Mission tiles for Mongolia and northern China were downloaded from http://glcf.umiacs.umd.edu/ and merged into one file with a spatial resolution of 90 m ( Fig. 1 ). We extracted slope from the digital elevation model and classified slopes 6 5°as ''flat''; slopes 5-20°as ''mountains''; and slopes >20°as ''steep mountains''.
Genetic sampling and extraction
We collected 80 wild ass samples between 2002 and 2005 that yielded sufficient DNA for analysis: 19 in the Dzungarian Gobi, 18 in the Transaltai Gobi, and 43 in the southeastern Gobi ( Fig. 1 ). We obtained 65 samples from carcass remains and 15 from fecal deposits. For each sample, we recorded the GPS position and the date. The distances between the arithmetic means of the sample coordinates from the Dzungarian and the Transaltai Gobi were 325 km (range for individual samples: 265-504 km), and between the Transaltai and the southeastern Gobi, 930 km (range for individual samples: 640-1205 km). Fresh fecal pellets were stored in 90% ethanol. Old fecal samples, tissue, and bones were preserved dry, packed in plastic bags, and stored at À20°C prior to DNA extraction.
We used commercially available DNA extraction kits (Qiagen and MACHEREY-NAGEL GmbH and Co. KG, Germany) with some modifications to prepare genomic DNA from deep-frozen fecal and 90% ethanol-preserved fecal pellets as well as from bones and dried tissue samples. We used the SYBR Green detection system in a LightCycler (Roche) for quantitative PCR (qPCR) for quality control (see Supporting Data Appendix S3). For species verification, we used restriction fragment length polymorphism analysis of the mitochondrial cytochrome b gene fragment as described in Kuehn et al. (2006) .
We tested 11 equine microsatellites (COR70, SGCV28, ASB23, ASB2, COR58, LEX68, COR18, UM11, COR007, LEX74, and COR71) for successful cross-species amplification and high polymorphism in Asiatic wild ass (see Supporting Data Appendix S4). Annealing temperatures and MgCl 2 concentrations were adjusted for stringent amplification conditions. To avoid linkage, we chose microsatellite loci from different chromosomes of the domestic horse for genotyping analyses (genome map of the horse: www. thearkdb.org).
To avoid contamination of PCR products or concentrated genomic DNA and misinterpretations of microsatellite data based on allelic drop-out and false alleles (Taberlet and Luikart, 1999) , we (i) included negative controls without sample material in every DNA isolation and amplification experiment to check for contamination; (ii) rejected samples with 6100 pg/ll for microsatellite DNA amplification; and (iii) repeated all genotyping analyses at least three times, accepting only genotypes that produced three consistent results.
Population genetic analyses
We calculated allele frequencies, average allele numbers per locus (A), expected and observed heterozygosities (H E , H O ), deviation from Hardy-Weinberg equilibrium, and pairwise genetic differentiation values (F ST ) using GENEPOP v. 3.4 (Raymond and Rousset, 1995a) , assuming three subpopulations for the Mongolian wild ass population. Probability tests were performed applying the Mar-kov Chain algorithm (Raymond and Rousset, 1995b) . We additionally calculated the inbreeding coefficient of a group of inbred organisms relative to the subpopulation to which they belong (F IS ) and allelic richness (A R ) as a standardized measure for the number of alleles corrected by the sample size with the FSTAT v. 2.9.3 program package (Goudet, 2001) . Alleles were considered private if they showed a frequency higher than 5% in one population and did not occur in any other population (Geist and Kuehn, 2005) .
We used STRUCTURE 2.2 software (Pritchard et al., 2000) to determine the number of genetic clusters (K) and to probabilistically assign individuals to these clusters. We chose the population admixture without sampling information and correlated allele frequency models. We tested K from one to eight with 10 iterations (20,000 burn-in; 200,000 Markov chain Monte Carlo replicates in each run) to assess convergence of ln Pr (X|K). The number of clusters present was then determined from posterior probabilities of K and additionally by an ad hoc statistic DK based on the rate of change in the log probability of data (Evanno et al., 2005) . For the selected values of K, we assessed the average proportion of membership of the samples to the inferred clusters (PMIs) by combining the 10 replications using CLUMPP (Jakobsson and Rosenberg, 2007) , applying the LargeKGreedy algorithm.
Within the framework of landscape genetics, we performed Mantel's test to evaluate the effect of geographical distance on the level of genetic differentiation using module Mantel in the R software (R Development Core Team 2005). The statistical significance of the relationship was determined by 100,000 randomizations. To identify possible genetic boundaries-zones where genetic differences between pairs of populations are highest-we applied the Monmonier maximum difference algorithm (Monmonier, 1973) using the software BARRIER version 2.2 (Manni, 2004) . The robustness of the genetic boundaries was assessed by 100 bootstrap iterations of the pairwise F ST -matrices (Weir and Cockerham, 1984) .
Telemetry
Between 2002 and 2007, we captured and radio-collared 19 Asiatic wild asses, seven mares and 12 stallions, in the three assumed subpopulations (Fig. 1 , Table 1 ). For darting, we approached animals using a 4 Â 4 vehicle or hid at water points (for details see Walzer et al., 2006) . The first four wild asses were collared with Argos (2-D cell Doppler PTT; NorthStar, Baltimore, Maryland, USA) and the remaining 15 with GPS-Argos collars (TWG-3580, Telonics, Mesa, Arizona, USA). While the Argos collars determined animal locations using the Doppler-shift method through the Argos satellite system, the GPS-Argos collars used the Argos system only for data transfer of GPS locations. For animal welfare reasons and to allow collar retrieval, all units were equipped with pre-programmed drop-off devices (CR-2a, Telonics). Precisions of the GPS locations were in the range of ±15-100 m (P. Kaczensky unpublished data). For Argos locations we only used the three most precise location classes, where the expected error is ±150-1000 m (Hays et al. 2001 ). Because of multiple technical failures (Kaczensky et al., accepted for publication), individual collars collected from 19-1570 locations on 12-560 days (location days). The number of daily locations varied from 1-7, depending on collar type, performance, and duty cycle. On average, 2.1 locations were obtained per animal and location day (range 1.5-3.3).
For visualization and analysis of spatial data, we used ArcMap 9.1 (ESRI, Environmental Systems Research Institute, Inc., Redlands, California, USA) with the Hawth's Analysis Tool extension (http://www.spatialecology.com/htools). We calculated home ranges expressed as 100% minimum convex polygons (MCPs) for all individuals. However, for statistical comparison among the three bio-geographic regions we only used the MCPs of animals which were located over at least 5 months with >8 locations summing up to at least 50 location days. To avoid problems of autocorrelation for the descriptive statistics, we used the mean value of all locations per day and put it in relation to the total number of location days. Statistical analysis was performed in SPSS 14.0 (Statistical Package for the Social Sciences; SPSS Inc., Chicago, Illinois, USA).
Results
Wild ass distribution and connectivity
Superimposing the current wild ass distribution range over the mean annual productivity layer shows that Asiatic wild asses have become almost exclusively confined to areas south of the 250 gC/ m 2 /year productivity isoline (see Supporting Data Appendix S5). That the species once thrived in higher productivity areas is shown by the historic distribution range from the 19th century, where the distribution range reached much further north up to the productivity isoline of 500 gC/m 2 /year (see Supporting Data Appendix S5).
Population genetics
The Mongolian wild ass population showed a high level of overall microsatellite diversity with an average of 9.39 alleles per locus and a mean allelic richness of 0.83 and mean F IS of 0.129 across the three bio-geographic regions. Expected and observed heterozygosities were P0.82 and P0.70 for each area, respectively. Although the genetic variability within the three areas was quite homogeneous, the samples from the Dzungarian Gobi revealed a recognizably higher genetic variability than those from the other two areas ( Table 2) . A total of 14 private alleles were detected, eight in the Dzungarian Gobi, four in the Transaltai Gobi, and two in the southeastern Gobi.
The highest F ST value was observed between the Dzungarian and the southeastern Gobi (F ST = 0.0191), the lowest between the Transaltai and the southeastern Gobi (F ST = 0.0068), and an intermediate between the Dzungarian and the Transaltai Gobi (F ST = 0.0088; all pairwise F ST values were highly significant at P < 0.001). The Mantel analysis did not reveal an ''isolation by distance'' relationship (no significant positive correlation between genetic and geographical distances; r 2 = 0.0115; P > 0.05). Individual multilocus genotypes-based STRUCTURE analyses clearly indicated the presence of a substructure, with the most likely grouping into two subpopulations. CLUMPP analysis showed that the samples from the Dzungarian and the southeastern Gobi cluster separately, whereas samples from the Transaltai Gobi were undefined (see Supporting Data Appendix S6). BARRIER analysis identified one genetic boundary with 89% of the bootstrap values between the Dzungarian and the Transaltai Gobi (Fig. 3 , also see Supporting Data Appendix S6).
Telemetry
Range size of wild asses showed a tendency to increase from west to east, but differences were not significant due to the small sample sizes and the rather large variation in range sizes within the three areas (ANOVA, P = 0.008, but post hoc comparisons with Tamhane correction for unequal variance all had P > 0.100). In the Dzungarian Gobi ranges for the seven animals averaged 5860 km 2 (Kaczensky et al., 2008) and locations were almost completely confined to the Great Gobi B SPA (Fig. 1, Table 1 ). Locational data from the Transaltai Gobi is largely based on two individuals due to faulty collars. These animals roamed over large areas of 14,695-16,907 km 2 and rarely ventured outside of the protected area ( Fig. 1, Table 1 ). In the southeastern Gobi ranges for five animals varied from 18,186 to 69,988 km 2 . The ranges of two additional animals, followed over a rather short time period, were also large. Contrary to the two other areas, wild asses in the southeast Gobi spend the majority of time outside of protected areas ( Table 1 , Fig. 1 ).
Wild ass home ranges and locations largely fell below the 250 gC/m 2 /year productivity isoline and primarily fell into flat terrain (Table 1) . Average productivity within the minimum convex polygon encompassing all wild ass locations averaged 164 gC/m 2 / year (SD = 41.8) in the Dzungarian Gobi, 111 gC/m 2 /year (SD = 27.6) in the Transaltai Gobi and 144 gC/m 2 /year (SD = 39.5) in the southeast Gobi. In the southeast Gobi mountains are rare and steep terrain is absent, but the Dzungarian and Transaltai Gobi both encompass mountain ranges. Whereas wild asses in the Dzungarian Gobi seem to stay away from mountainous terrain altogether, asses in the Transaltai Gobi do make use of mountainous terrain (Table 1 ).
In the Dzungarian and Transaltai Gobi, none of our collared Asiatic wild asses came close to any fence and thus we had no means of assessing the effect of fences. However, in the southeastern Gobi five animals stayed in the vicinity of the border fence for 1-79 days, and one animal (ID 58851) moved for 8 days (20-27 July 2005), 92 km within 0.09-10 km (mean: 3.8 km; N = 28) along the west side of the fenced Ulaanbaatar-Beijing railroad track (Fig. 1) . Although the animals stayed close to the fence, none of them was able or willing to cross.
Gobi-wide assessment of the available wild ass habitat
By combining the restraining effects of fences, mountains, and areas with a productivity >250 gC/m 2 /year, we mapped the remaining wild ass habitat over the entire Gobi (Fig. 4) . The low wild ass population density in the Transaltai Gobi suggests that areas with a productivity <100 gC/m 2 /year and mountainous terrain likely constitute marginal habitat.
In the Mongolian Gobi the best habitat, under the present human land-use pattern and intensity, stretches more or less continuously from the southeastern to the Transaltai Gobi, but connectivity between the Transaltai and Dzungarian Gobi is constrained by mountain ranges (Fig. 4) . On the east side of the southeast Gobi the habitat is intersected by the fenced Ulaanbaatar-Beijing railway, which cuts off about 17,000 km 2 of wild ass habitat. In the southwest, the suitable habitat stretches far into Xinjiang Province in China, but is presently cut off by the fence along the international border and over large areas also by high mountains. The habitat in northern Xinjing, including the Kalimalai Nature Reserve, encompasses around 100,000 km 2 . Southeast of the southeast Gobi, there is another 43,000 km 2 area that seems to be suitable habitat for wild assess; it runs along a 50 km strip on the Chinese side of the border. Further west, habitat productivity is very low and likely constitutes only marginal habitat for wild asses (Fig. 4) .
Discussion
One single large or several small subpopulations?
The Mongolian wild ass population has a high level of overall microsatellite diversity, both within and among the two subpopulations. The amount of heterozygosity examined in this study is consistent with previous studies on other equids using the Protected areas are marked with a green outline. Unsuitable areas, such as areas of high productivity (as a proxy for human/livestock density) are coloured black. Anthropogenic barriers are marked red and natural barriers in the form of steep slopes in orange. White-and light grey-areas delineate habitat believed to be marginal due to very low productivity and mountains, respectively. (B) Insert: The connectivity of wild ass habitat in the southwest could be enhanced by removing the border fence or by at least allowing for openings at strategic points. Declaring the border area an ''ecological corridor'' would link three large protected areas in central Asia which together cover 61,000 km 2 . Blue arrows mark the most likely movement corridors for Asiatic wild asses between the three protected areas. corresponding microsatellite panel (Krüger et al., 2005) . The Asiatic wild ass population in Mongolia shows no evidence of a recent bottleneck as reported for other wide-ranging animal species suffering from habitat fragmentation or range constriction (e.g. cougar Puma concolor; McRae et al., 2005) . Although alleles in the Mongolian wild ass population are clearly structured in a non-random way, gene flow is still occurring, suggesting one Gobi population. From the number of private alleles, F ST values, and Bayesian clustering, the wild ass population of the Gobi can be subdivided into 2, rather than 3, subpopulations. BARRIER analysis identified one main genetic boundary differentiating the subpopulation in the Dzungarian from those in the Transaltai and southeastern Gobi.
Range constriction due to human land use intensity
Since the 19th century, the Asiatic wild ass in Mongolia has probably lost as much as 70% of its original range because of human encroachment (Zevegmid and Dawaa, 1973; Denzau and Denzau, 1999) . Spatially explicit data on human land use intensity are extremely difficult to collect over the entire expanse of the highly variable Gobi environment with its semi-nomadic human population. Wild ass distribution in the southeastern Gobi shows that human settlements per se do not seem to be a limiting factor for wild ass distribution . Average biomass production, on the other hand, seems a good proxy for human/ livestock presence. In the 19th century, when the human population was <500,000, wild asses ranged north into areas with a mean productivity <500 gC/m 2 /year. Today, with a human population numbering >2.6 million and livestock numbers >40 millions (National Statistical Office of Mongolia 2008), wild asses have become confined to areas south of the 250 gC/m 2 /year productivity isocline. This suggests that the present coexistence of wild asses with humans and their livestock in the Gobi is sensitive to increases in human/livestock densities. This negative relationship needs to be considered when discussing means to improve livestock grazing and access to remote Gobi pastures, for example by providing wells . The low population density of wild asses in the Transaltai Gobi (Reading et al., 2001; Lhagvasuren, 2007) , on the other hand, suggests that a mean productivity <100 gC/m 2 /year likely constitutes only marginal habitat for wild ass. Previous analysis suggests a high flexibility in respect to the use of different plant communities (Kaczensky et al., 2008) ; thus, vegetation type is unlikely to be of high importance for wild ass distribution.
Under the current land-use pattern and intensity, areas between 100 and 250 gC/m 2 /year seem to provide wild ass with the best available habitat. However, our assessment is based on observed use on the order of the distribution range (first order selection) and home range level (second order selection), rather than on statistical analysis on the third-order habitat selection within the home range (Johnson 1980) . Consequently we cannot provide and never attempted to provide hard boundaries or a truly quantitative assessment of the effects of productivity, slope and fences. Rather our habitat and connectivity map is meant to provide a first large-scale assessment and planning tool. On a local scale, the availability of water, as well as socioeconomic and political factors, are likely to modify this general, landscape-level pattern. The northwestern part of the southeast Gobi receives a much higher human use (also see Supporting Data Appendix S5) than expected from the average productivity and asses seem to no longer occur in these areas. Mining activity and the availability of wells are a likely explanation for the disproportionately higher human presence. On the other hand, large portions of the Eastern Steppe have a much lower human population density than one would expect based on the productivity layer. The reasons for this deviation are the long distances to the nearest urban centers and the population exodus during the Russian-Japanese conflict in 1939. Thus available wild ass habitat might actually stretch much further east into the higher productivity areas of the Eastern Steppe than our 250 gC/m 2 /year limit would indicate.
Movement barriers
The population genetics data identified a potential barrier between the subpopulations in the Transaltai-and Dzungarian Gobi. Home ranges of radio-collared wild asses mainly encompassed flat terrain and few wild ass positions fell into steep terrain. In the Dzungarian Gobi wild asses even select against slope within their home ranges (Kaczensky et al. 2008 ). Thus, the barrier effect between the Dzungarian and Transaltai Gobi can be best explained by the topography between these two bio-geographic regions. However, we believe that the barrier effect by the mountains has likely been enhanced by the construction (in the 1970s) and the recent upgrading (in the 1980s and 1990s) of the border fence between Mongolia and China. Fences have been identified as serious movement barriers for Mongolian gazelles (Ito et al., 2005) , and our telemetry data and direct observations (see Supporting Data Appendix S7) suggest the same barrier effect for Asiatic wild asses. Between the Transaltai and Dzungarian Gobi the border fence largely inhibits animals from moving south of the border mountains, from where they could reach the Great Gobi B SPA via China along large valleys from the south or through the plains from the west. Nowadays only the valleys on the east side of Great Gobi B SPA allow for population exchange between the Dzungarian and the rest of the Mongolian Gobi (Fig. 4) .
In the east, the Ulaanbaatar-Beijing railway line cuts off about 17,000 km 2 of suitable wild ass habitat, where asses have basically disappeared (P. Kaczensky, unpubl. data) . Although the fence is interrupted by small under-and over-passes to allow herders and their livestock to cross, none of these crossing structures have been designed or positioned for wildlife use (see Supporting Data Appendix S7). Mongolian gazelles, which occur on both sides of the railway, seem largely unable to find or use these openings (Ito et al., 2008) and the long walk of one collared wild ass parallel to the fence suggests the same for wild asses (Fig. 1) .
The lack of wildlife crossing structures makes re-colonization of the suitable habitat on the east side of the Ulaanbaatar-Beijing railway rather unlikely. Mitigation measures, like well-designed under-or over-passes, can reduce the barrier effect of fenced transportation routes (e.g. Luell et al., 2003; Clevenger and Huijser, 2009 ) and would be desirable for the Ulaanbaatar-Beijing railway. Such measures would not only help wild ass restoration east of the railway, but would also improve the connectivity among subpopulations of Mongolian gazelle (Ito et al., 2005; Mueller et al., 2008) , and most likely would also benefit goitered gazelle and argali wild sheep.
Protected areas are an important piece of a larger picture
Protected areas cover 29% of the wild ass range in the Mongolian Gobi. The two strictly protected areas in the Dzungarian and Transaltai Gobi seem large enough to provide wild ass and other large ungulates with sufficient water and pasture year-round (Kaczensky et al., 2008) . However, the situation is quite different in the southeastern Gobi, which likely houses the majority of the Mongolian wild ass population (Reading et al., 2001; Lhagvasuren 2007; B. Lkhagvasuren and S. Strindberg, unpubl. data) . In this region individual ranges of the wild asses are very large. We believe that the driving force behind the observed large-scale wild ass movements are the strong spatio-temporal dynamics related to the availability of pastures, forage, and water in the southeastern Gobi . A similar relationship has been shown for Mongolian gazelles (Ito et al. 2006; Mueller et al. 2008) . Consequently, conservation of wild asses and other plain ungulates in the southeastern Gobi cannot focus on protected areas alone, but needs to incorporate the surrounding multi-use landscapes. This is not an easy task because the southeastern Gobi is rich in mineral deposits, and exploration and mining activities are increasing (World Bank, 2006) . In the area around the Small Gobi SPA, a single company holds 117,000 km 2 of mineral concessions. To allow transport to China, roads and parallel railway track are either being upgraded or under construction in at least two locations ( Fig. 4; Ivanhoe Mines, 2010) . These transportation corridors cut through prime wild ass habitat and will likely result in the separation of the Small Gobi A from the Small Gobi B SPA and on a larger scale will inhibit, or greatly reduce, movements from the southeast Gobi west into the Transaltai and Dzungarian Gobi. Thus, without imposition of appropriate mitigation measures, these transport corridors threaten to disrupt one of the few remaining intact ecosystems allowing for mass migrations of large plain ungulates in central Asia.
Transboundary protected area network
Although the Dzungarian Gobi constitutes a rather distinct biogeographic unit surrounded by natural movement barriers, the border fence further aggravates population exchange of plains ungulates with the rest of the Mongolian Gobi (via corridors that pass through China). Furthermore, northern Xinjiang and especially Kalimalai Nature Reserve seem to still house a wild ass population, possibly numbering several thousand individuals (Yang 2007, Yang unpubl. data) . According to our wild ass habitat assessment, northern Xinjiang has about 100,000 km 2 of suitable wild ass habitat continuous with the Mongolian Gobi. Xinjiang Province is home to a large Uigur minority and for fear of riots firearm ownership is strictly regulated and controlled. This largely inhibits poaching, which seems to be a major problem in the adjacent Chinese province of Inner Mongolia further east (Wang and Schaller, 1996; Reading et al., 1998) .
Although wild asses have been observed on the Chinese side of the fence (W. Yang, unpubl. data) and crossings have been documented (P. Kaczensky unpubl. data), an exchange with the Mongolian population seems severely restricted to times when the fence is breached (e.g., by smugglers/poachers) or to certain locations where the fence is not continuous (e.g., in steep terrain; see Supporting Data Appendix S8). The continuity and spatial extant of the wild ass population in the Gobi would certainly profit from a coordinated transboundary conservation strategy. The border areas in northern Xinjiang are almost uninhabited, and they link three large important protected areas totaling 70,300 km 2 : Kalimalai Nature Reserve in Xinjiang China, and Great Gobi A and B SPA in Mongolia. The entire border strip should be given the status of a ''transboundary ecological corridor'' and should ideally be managed as a peace park (Ali, 2007) . Opening the fence, at least in places, would most likely also allow for the expansion or re-connection of other rare mammal populations like wild Bactrian camels or re-introduced Przewalski's horses.
